Kinetic characteristics of phosphoenolpyruvate carboxylase (PEPC) from the epiphytic C3 or C4: CAM intermediate plant, Peperomia camptotricha, were investigated. Few day versus night differences in V,X,K,(PEP), or malate inhibition were observed, even in extracts from water-stressed plants which characteristically perform CAM, regardless of efforts to stabilize day/night forms. The PEPC extracted from plants during the light period remained stable, without much of an increase or decrease in activity for at least 22 hours at 0 to 40C. Extracts from mature, fully developed leaves had slightly greater PEPC activity than from very young, developing leaves. Generally, however, the kinetic properties of'PEPC extracted from mature leaves of plants grown under short day (SD), long day (LD), or 1-week waterstress conditions, as well as from young, developing leaves, were similar. The PEPC inhibitor, L-malate, decreased the V.., and increased the K,,xpEp) for all treatments. Under specific conditions, malate did not inhibit PEPC rates in the dark extracts as much as the light. The PEPC activator, glucose-6-phosphate (G-6-P), lowered the K,,,p) for all treatments. At saturafing PEP concentrations, PEPC activity was independent of pH in the range of 7.5 to 9.0. At subsaturating PEP concentrations, the pH optimum was 7.8. The rates of PEPC activity were lower in the light period extracts than the dark, at pH 7.1, but day/night PEPC was equally active at pH 7.8. At pH 7.5 and a subsaturating PEP concentration, G-6-P significantly activated PEPC. At pH 8, however, only slight activation by G-6-P was observed. The lower pH of 7.5 combined with L-malate addition, greatly inhibited PEPC, particularly in extracts from young, developing leaves which were completely inhibited at an L-malate concentration of I millimolar. However, malate did not further inhibit PEPC activity in mature leaves when assayed at pH 7.1. The fairly constant day/night kinetic and regulatory properties of PEPC from P. camptotricha are unlike those of PEPC from CAM or C4 species studied, and are consistent with the photosynthetic metabolism of this plant.
day and night periods in the plants that have been studied, but the kinetic properties of PEPC are diurnally modified consistent with its light (C4) or dark period (CAM) activity. This modification of PEPC includes changes in enzyme activity, affinity for substrate, as well as sensitivity to metabolite effectors and to small pH changes. During the light period of C4 species, PEPC enzyme activity is increased, malate inhibition reduced, and activation by G-6-P increased (4, 8) . Similar changes have been observed in PEPC from CAM plants, but during the dark period rather than the light (3, 9, 11, 17, 19, 20) . There is evidence that these diurnal changes in PEPC activity may be related to the degree ofphosphorylation of the enzyme. In maize, the more active light form had a greater degree of phosphorylation (5, 6) . Also, diurnal regulation may be related to oligomerization of the enzyme, with the tetrameric form as the most active, in C4 and CAM plants (16, 20) .
Studies of light/dark changes in PEPC have been complicated by instability of the enzyme upon extraction, especially in CAM plants. In some CAM plants, the light form is unstable-and reverts to the more active dark form after extraction (11, 18) Peperomia camptotricha has an atypical form of photosynthetic carbon metabolism intermediate between CAM and C3 or C4 which changes with leaf development, water stress, and slightly with photoperiod (14) . In this study, kinetic and regulatory properties ofPEPC were investigated in plants with different degrees of CAM. The characteristics of the light and dark forms of PEPC, the activity and Km(pEp), the pH optimum, the regulation of PEPC by the effectors L-malate and G-6-P were studied in leaves with different types of carbon metabolism, i.e. either C3-like or CAM-like. Also, the kinetics and regulation of PEPC were evaluated by in vitro assays at pH 7.1, 7.5, and 8.
MATERIALS AND METHODS

Plant Material
Peperomia camptotricha plants were propagated by cuttings from a plant at the University ofCalifornia, Berkeley, Botanic Gardens (53.108-1). The plant was originally collected growing epiphytically on coffee trees in tropical Mexico. Cuttings were rooted in sand, transplanted to 4-inch, 6-inch, and 1-gallon pots and grown in a glasshouse. Some plants were later transferred to Western Environmental growth chambers under defined conditions for at least 2 weeks prior to experimentation (14) . Daylength was either 8 h (SD) or 14 h (LD).
were purchased from Sigma. Assays were initiated with the addition of PEP, unless otherwise stated.
RESULTS
Leaf Samples
There were four basic treatments or types of leaf material. Young leaves (yl) under SD conditions were compared to older leaves (ol) of SD plants. Also, mature leaves of LD plants were examined, as were mature leaves of SD plants subjected to moderate water stress (-H20) prior to experimentation. Young leaves were taken from the first distinguishable false whorl of leaves at the apex. The young, developing leaves were small, thin, and not yet succulent, but with CAMcycling type carbon metabolism (14) . They had typical C3 or C4 daytime stomatal opening and CO2 uptake in combination with a CAM-like diurnal organic acid fluctuation (14) . The oldest leaves in this study were fully developed and succulent (when plants were well watered) and were taken from the 7th to 10th false whorl from the apex. The older leaves had carbon metabolism intermediate between CAM and CAM-cycling, with stomatal opening and CO2 uptake during the day and night, and diurnal organic acid fluctuations. Older leaves from LD conditions (14 h light) had slightly less nighttime CO2 uptake and smaller diurnal acid fluctuations than older leaves grown under SD (8 h) conditions (14) . Plants were watered every 3 to 4 d with a nutrient solution (one-half Hoagland solution). The water-stressed plants, in 6-inch pots, were deprived of water 1 week prior to leaf collection and assay. These leaves showed more typical CAM with only nighttime CO2 uptake (low levels) ( 14) . Studies on the effect of leaf age on PEPC properties also made use of leaves from all false whorls from 1 to 7.
Extraction and PEPC Assay
Leaves were homogenized on ice in a cold extraction buffer as follows: 100 mM Hepes-NaOH (pH 7.8), 10 mM MgCl2, 10 mM DTT, 1% PVP-360 (w/v). In several experiments, up to 20% glycerol (v/v), 1% BSA (w/v), 3 mM malic acid, or 5 mM NaF was also included in the extraction medium. The extract was squeezed through Miracloth (Chicopee Mills) or centrifuged 2 min (crude extract) and some crude extracts were then passed through a Sephadex G-25 column equilibrated with extraction buffer (desalted extract). An aliquot was removed for Chl determination (1) Extracts were assayed for PEPC activity at various times after extraction. Some of the extracts were desalted, others were not. Extracts were prepared from leaves in the morning and the afternoon, thus extracts had different concentrations of organic acids depending on the extent of CAM. Since there was no difference between treatments (morning or afternoon samples, or crude or desalted extracts), the data were combined as shown in Table I . Based on the initial activity (within 5 min after extraction), extracted PEPC remained stable for long periods at 0 to 4°C without any major increase or decrease in activity. In some extractions up to 20% glycerol or 1% BSA was added as a stabilizer, but the PEPC activity was the same over time as in extracts without glycerol (data not shown). Some extractions were also made in the presence ofNaF to reduce any possible interfering phosphatase activity, but it did not affect the rate in any assays, day or night.
Leaf Age and Diumal PEPC Activity
At a substrate concentration of 1 mM PEP, there was a general trend toward increased PEPC activity with increasing leaf age (Fig. 1) . Leaves from false whorls 5 or 6 (and some- The extent of inhibition of PEPC by 2 mM L-malate was examined in different aged leaves sampled in the light and dark (Table II) . There was no difference in the degree of malate inhibition between tissue from light and dark periods or leaves of different ages. At 2 mM malate, there was overall about 80% inhibition of activity in PEPC from all leaves. In other assays at pH 7.8, but at a constant 2 mM PEP and with only 1 mm malate addition, PEPC was inhibited more in mature leaves from the light than the dark (Table III) . Assays conducted at pH 7.1, probably a more physiologically significant pH, revealed less inhibition of PEPC by 1 To emphasize, these were tendencies observed in the data, but there were also individual experiments that yielded results contrary to this trend. Significant differences in kinetic properties of PEPC were not encountered in these treatments.
Effectors
Table V summarizes the action of the effectors L-malate and G-6-P on PEPC activity from P. camptotricha. Since reaction rates and Km(PEP) were similar in all treatments, regardless of leaf age, daylength, or water status, the data presented were pooled. In the presence of 1 mM malate, the Vma,, was reduced by greater than 50% and the Km(PEP) was increased. In contrast, 1 mM G-6-P activated PEPC by lowering the Km(PEP). G-6-P did not have any effect on maximal velocity.
Influence of pH
The in vitro pH optimum of PEPC extracted from P. camptotricha was evaluated over a pH range of 6.5 to 9.0. At a substrate concentration of 1 mm PEP, PEPC was most active at pH 7.8 in leaves of all treatments (data not shown).
However, at saturating PEP, Vm. was independent of pH in the range of 7.5 to 9.0 (Fig. 2) . At pH 7.8 and 2 mm PEP, no difference in PEPC activity was detectable between leaves sampled in the light and the dark (Fig. 3) . However, at the 2 mM PEP concentration and pH 7.1, the extracts from leaves in the light had significantly less PEPC activity than dark period extracts.
The pH values of 7.5 and 8, slightly lower and higher than the optimum pH of 7.8 (at subsaturating PEP concentration), were used to elucidate the role of minor pH differences, in combination with two effectors of PEPC activity (L-malate and G-6-P), on the regulation of PEPC. At a subsaturating substrate concentration (0.1 mM PEP), G-6-P activation was most pronounced at a suboptimal pH of 7.5 ( Fig. 4 ; Table  VI) . Activity attained at pH 7.5 in the presence of G-6-P was similar to that observed at pH 8 (Table VI) . At pH 8, a slight activation was observed with up to 0.2 mM G-6-P, but it was only about 15% (Fig. 4) . Malate was added to leaf extracts for assay of PEPC activity at pH 7.5 and 8 and 2 mM PEP (Fig. 5) (19) with respect to Km(PEp) and Ki(mmate).
PEPC from all the plant tissue was strongly inhibited by 2 mM malate, resulting in a reduced Vmax and increased Km(PEp). Similarly, PEPC from all leaf sources was activated by G-6-P, with a decreased Km(PEp) but no increase in maximal velocity. Also, there was a wide pH optimum, based on Vmax, for PEPC from all treatments.
The 'light form' of PEPC from P. camptotricha remained stable after extraction, as opposed to extracts from other CAM plants such as Sedum praeltum ( 11) and Mesembryanthemum crystallinum (18) which quickly reverted back to the more stable night form if precautions were not taken. Unlike PEPC from CAM and C4 plants, glycerol was not needed and addition of malate during extraction did not affect daytime activity, possibly because the crude plant extracts contain some endogenous malate. If PEPC did not revert to the more 'active' form during extraction, and prior to assay, this may indicate that there is mainly one form of PEPC, day and night, analogous to the stable and more active form found in CAM plants only at night. PEPC in the extracts did not appear to be greatly affected by endogenous concentrations of organic acids as evidenced by the similar activity of PEPC in crude extracts from different times of day (with varying acid levels) and desalted extracts (malate and other acids removed). Another indication of the stability of the daytime (or nighttime) extracted PEPC is its continued sensitivity to malate inhibition in the assay, regardless of whether malate was included in the extraction buffer. More typical CAM plants have PEPC that, when extracted during the light period, reverts back to the more malate-insensitive night form of PEPC unless extracted in the presence of malate and/or at acid pH (18, 20) .
There appeared to be little difference in the kinetic or regulatory properties of PEPC extracted from leaves in the dark versus the light as occurs in C4 (4, 8) or CAM plants (3, 9, 11, 17, 19, 20) regardless of attempts to stabilize the enzyme. Only under two conditions was any diurnal difference noted. At pH 7.1, nighttime extracted PEPC had twice the activity as daytime and at pH 7.8 at a low malate concentration (1 mM), light harvested leaves were inhibited more. Possible roles of pH, malate, and G-6-P in the regulation of PEPC activity were evaluated. At subsaturating PEP concentrations, which probably occur in vivo, small pH changes (such as pH 7.5 versus 8) dramatically affect PEPC activity. At pH 7.5, the effect of G-6-P and malate were more pronounced, although at pH 7.1, malate was not as strongly inhibiting. Perhaps this is because the PEPC form was already altered by the lower pH resulting in reduced activity. Since the pH of the cytoplasm containing PEPC is normally closer to neutrality, regulation of PEPC at the lower pH is probably more physiologically significant (10) . Therefore, in the cellular environment, PEPC in P. camptotricha may be regulated by pH, effectors, and of course ultimately by substrate concentration both day and night. All of these regulators are known to occur at sufficient levels in the plant to alter PEPC activity, but questions remain as to their cellular locations and thus their proximity to PEPC in P. camptotricha. For example, the malic acid accumulated at night and stored in vacuoles may inhibit PEPC and CO2 fixation in the early light period as malate is released from the vacuoles into the cytoplasm. But in P. camptotricha, with a possible separation of carbon fixation pathways in leaf layers (12) , the malate may be transported and stored nearer the median palisade layer, away from cells with the most PEPC activity. Thus, the PEPC may not be exposed to physiologically inhibitory concentrations of malate. There is, however, some circumstantial evidence that an inhibitor (possibly malate) is active in young leaves at night. PEPC from young leaves was shown to be severely inhibited by increasing malate levels. This could be an explanation of the observation in immature leaves of P. camptotricha that organic acids accumulate rapidly during the first half of the night period, then remain constant during the rest of the night. This suggests that PEPC does not fix CO2 during the late dark period and may be inhibited by accumulated malate or other inhibitors, or even pH.
In conclusion, P. camptotricha has PEPC with some unusual properties when compared to PEPC from other CAM and C4 plants studied. Little difference was found between the day and night 'forms' (if indeed two forms exist) with regard to their extracted activity and regulation. If properties of the extracted enzyme resemble those in vivo, these lend some support to the hypothesis that this species may have a modified form of C4 metabolism in combination with CAM (12) . Regulation of atmospheric CO2 uptake may also involve the stomata. Further studies on control of stomatal openings, as well as diurnal changes in the PEPC phosphorylation and oligomerization states would be valuable in the understanding of carbon metabolism in P. camptotricha. Our knowledge of the regulation of PEPC in vivo could be improved by more information on the cellular or leaflayer compartmentalization of photosynthetic carbon metabolism enzymes, storage products (and their transport), and effectors as well as further evidence for and elucidation of the possible C4-like pathway among leaf layers.
